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captured P to agricultural soils. However, most biochars have low P sorption capacity. The objective of 
this study was to engineer biochar for enhanced P sorption affinity. Biochar was produced from corn 
stover biomass pre-treated with FeSO4 (ISIB) using autothermal (air-blown) pyrolysis at 500 °C. Point of 
zero charge (pHZPC) shifted from 8.48 to 4.31, indicating that Fe treatment increased the dominance of 
acid functional groups. Batch equilibration isotherm study showed that ISIB had 11–12 times more P 
sorption capacity (3763 versus 46,300 mg kg–1 and 6704 versus 48,821 mg kg–1 for non-oxidized and 
oxidized conditions, respectively), while P desorption rate was ∼1/3 relative to the control biochar. A 
column leaching study also shows that ISIB was effective for removing P from simulated agricultural 
effluent. XRD (X-ray diffraction) and SEM-EDS (scanning electron microscopy–energy-dispersive X-ray 
spectrometry) analyses showed the P sorption was predominately through inner-sphere surface 
complexation followed by surface precipitation and that P is preferentially sorbed by hematite (α-Fe2O3) 
relative to magnetite (FeIII2O3 + FeIIO) or maghemite (γ-Fe2O3). This study demonstrates that ISIB can 
be produced by pyrolyzing corn stover with FeSO4, and the resulting ISIB is effective for adsorption and 
recycling of P. When loaded with P, the ISIB can potentially be used as a slow-release P fertilizer. 
Keywords 
autothermal pyrolysis, biochar, phosphate, ligand exchange, slow-release fertilizer, agricultural effluents 
Disciplines 
Bioresource and Agricultural Engineering | Energy Systems | Environmental Chemistry 
Comments 
This document is the unedited Author’s version of a Submitted Work that was subsequently accepted for 
publication in ACS Sustainable Chemistry & Engineering, copyright © American Chemical Society after 
peer review. To access the final edited and published work see DOI: 10.1021/acssuschemeng.0c06108. 
Posted with permission. 
This article is available at Iowa State University Digital Repository: https://lib.dr.iastate.edu/me_pubs/458 
 
Capture and release of orthophosphate by Fe-modified biochars: Mechanisms and 
environmental applications 
 
Santanu Bakshi1, *, David A. Laird2, Ryan G. Smith1 and Robert C. Brown1  
 
1Bioeconomy Institute, Iowa State University, Ames, IA 50011, USA 















3118 Biorenewables Research Laboratory 
Bioeconomy Institute, Iowa State University 
Tel: +1-515-294-4984; Fax: +1-515-294-4459; email: santanubakshi@gmail.com 
  
ABSTRACT: 
Biochars have been suggested to have P capture potential from effluent streams and to recycle 
the captured P to agricultural soils. However, most biochars have low P sorption capacity. The 
objective of this study was to engineer biochar for enhanced P sorption affinity. Biochar was 
produced from corn stover biomass pre-treated with FeSO4 (ISIB) using autothermal (air-blown) 
pyrolysis at 500°C. Point of zero charge (pHZPC) shifted from 8.48 to 4.31 indicating that Fe 
treatment increased dominance of acid functional groups. Batch equilibration isotherm study 
showed that ISIB had 11-12 times more P sorption capacity (3,763 versus 46,300 mg kg-1, and 
6,704 versus 48,821 mg kg-1 for non-oxidized and oxidized conditions, respectively) while P 
desorption rate was ~1/3 relative to the control biochar. A column leaching study also shows that 
ISIB was effective for removing P from simulated agricultural effluent. XRD and SEM-EDS 
analyses showed the P sorption was predominately through inner-sphere surface complexation 
followed by surface precipitation and that P is preferentially sorbed by hematite (α-Fe2O3) 
relative to magnetite (FeIII2O3 + Fe
IIO) or maghemite (γ-Fe2O3). This study demonstrates that 
ISIB can be produced by pyrolyzing corn stover with FeSO4, and the resulting ISIB is effective 
for adsorption and recycling of P. When loaded with P, the ISIB can potentially be used as a 
slow-release P fertilizer.  
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Ferrous sulfate impregnated corn stover autothermal biochar production, characterization, and 
efficacy evaluation as slow-release P fertilizer for sustainable agriculture. 
 
INTRODUCTION 
Increases in human population are driving demand for increases in agricultural productivity and 
increases in fertilizer use. However, the excessive use of fertilizers causes severe damage to 
water quality 1. The P lost from agricultural soils often contributes to eutrophication, which 
degrades water quality, causes ‘dead zones’ and threatens ecosystems. Enhanced nutrient 
management strategies and proper wastewater handling technologies need to be developed to 
reduce the risk of P contaminating surface and ground water. Several biological, chemical and 
physical treatment technologies to capture P and reduce leakage from agricultural soils into 
waterbodies have been discussed in the literature 2. However, these proposed technologies are 
often expensive to implement.  
Biochars have been shown to improve nutrient bioavailability and uptake by plants 3,4. 
The literature on retention of P by biochar is more equivocal; some researchers found the ability 
of biochar to bind anionic P from aqueous solutions 5 , but the literature is inconsistent 6.  Recent 
research shows that positive charge sites on biochar surfaces increase with increasing pyrolysis 
temperature; however,  most biochars produced at low and moderate pyrolysis temperatures have 
only limited anion exchange capacity 7. A recent meta-analysis 8 results of biochar on P 
availability suggest that biochar has the potential to enhance plant-available P and evaluation of 
P sorption capacity of biochar is critical since P release from biochar does not become a 
continuous source to water pollution. Biochar surface modification for enhanced P sorption has 
the potential to expand applications for biochar 9,10. Chen et al. 11 reported that biochar produced 
at low temperature (250°C) from Fe impregnated orange peel powder sorbed P; however, the 
sorption capacity was low (1.2 mg g-1). In another study 12, ferrous sulfate modified biochar was 
reported to adsorb P from aqueous solutions (biochar loading rate = 10 g L-1). Again, the 
sorption capacity was low (0.56 mg g-1) under conditions that simulated P levels found in 
agricultural runoff. Moreover, no attempt was made to assess the reversibility of P sorption. 
Most of the techniques used to trap P are relatively complex, expensive, and not tested for the 
reversibility of the sorbed P. As an alternative approach, Wilfert et al. 9 and Baken et al. 10 
suggested the use of Fe to remove and recover P and discussed adsorption and desorption 
mechanisms for P adsorbed on Fe oxides (surface complexation through ligand exchange and 
surface precipitation). Thermal post pyrolysis air oxidation (PPAO) of biochars is also a 
promising approach to increase the nanoporosity and concentration of acidic functional groups 
on biochar surfaces 13,14 due to the increased acidic functional groups, especially carboxyls, on 
biochar surface as a result of PPAO. 
Biomass pretreated with ferrous sulfate (FeSO4), a low-cost byproduct of steel and 
titanium production, increases pyrolytic sugar yields several fold while preventing the char 
agglomeration usually associated with acidic pretreatments or washes designed to increase sugar 
yields 15. When conducted under the partial oxidation conditions of autothermal pyrolysis 16,17, 
the Fe is converted into oxy(hydroxide) that end up in the biochar co-product.  Moreover, the 
ferrous sulfate remains non-pyrophoric under autothermal pyrolysis condition 15.  
The overarching goal of this study was to evaluate the effectiveness of low-cost FeSO4 
impregnated biochar (ISIB) produced by the oxidative pyrolysis of corn stover (CS) biomass for 
removal of P (ortho-P) from P contaminated water (PCW) and the subsequent P reversibility test. 
The first objective of this study was to assess the adsorption of P from aqueous solutions on 
ISIB.  The second objective was to determine whether PPAO treatments increase the ability of 
ISIB to adsorb P from aqueous solutions or not. The third objective was to assess the desorption 
of P from P loaded ISIB and PPAO-treated ISIB.  No prior studies have identified mechanisms 
of P adsorption by ISIB. Therefore, our fourth objective was to investigate mechanisms of P 
adsorption by ISIB and subsequent desorption of P considering the effect of pH, organic 
compounds, and competitive cations and anions. We hypothesize that the ISIB is highly effective 
for the removal of P through surface complexation (ligand exchange reaction between Fe-OH 
surface groups and negatively charged P ions) from PCW and the removal efficiency increases 
after PPAO treatment.  
 
EXPERIMENTAL SECTION 
Reagents used in this study 
All chemicals used in this study were analytical grade and purchased from Fisher Scientific 
(Pittsburgh, PA) or Sigma-Aldrich (St. Louis, MO). Commercially available ferrous sulfate was 
supplied by Fisher Scientific (Pittsburgh, PA). X-ray diffraction (XRD) analysis was used to 
confirm the presence of ferrous sulfate, a mixture of melanterite (FeSO4. 7H2O), and rozenite 
(FeSO4. 4H2O) was found. Water used in this study was 18.2 Mῼ milli-Q water. Corn stover used 
as biomass feedstock in this study was collected from one of the agricultural farms of Iowa State 
University. 
Biochar preparation and post pyrolysis air-oxidation 
Both control (henceforth denoted as ‘CS-control’) and ISIB were prepared from corn stover 
biomass through autothermal pyrolysis at 500oC 16. Several bales of corn stover, stored indoors 
for several months prior to use to allow them to air dry, were milled to 1.59 mm minus particle 
size using a stationary hammermill (Art’s Way, Model 430). To prepare the feedstock for the 
ISIB, a commercial continuous spray coater/paddle mixer (Marion Mixer CPS 1254) was used to 
pretreat the milled corn stover biomass with FeSO4. As the corn stover passed through the paddle 
mixer it was sprayed with a 7.5 wt% solution of FeSO4 at a water-to-biomass ratio of 1:1. The 
treated biomass was placed in a bucket for 48 h to assure diffusion of the solution into the 
interior of the biomass before being dried in an oven at 105°C for 12 hours. Prepared biomass for 
the CS-control and ISIB was fed from a bin into the fluidized bed pyrolyzer at a rate of 1-1.2 kg 
hr-1 with air at an equivalence ratio around 12% serving as fluidization gas. A pair of gas 
cyclones was used to separate solid biochar particles from the overall product stream exiting the 
reactor.  
  To increase surface area and create new nanopores and micropores, the biochars were 
subjected to PPAO 13. In brief, the PPAO was carried out by placing ~0.3 g of oven dried biochar 
in an amber glass vial and heating it in a muffle furnace to 400 oC for 15 mins. Mass loss due to 
burning part of the biochar was recorded at the end of the PPAO treatment.  
Batch sorption and desorption isotherm protocols 
Batch equilibration sorption and desorption studies were conducted in aqueous phase  to 
compare P sorption and desorption by ISIB and the CS-control  biochar at room temperature. 
Appropriate volumes of P stock solution (1000 mg L-1 P as KH2PO4 adjusted to pH 7.8-8.0 using 
0.5 N NaOH solution) and water were added to 0.1 g of solid biochar (solid loading rate was 5 g 
L-1). A range of initial P concentrations was tested (0, 10, 20, 50, 75, 100, 200, 300, and 400 mg 
L-1) to evaluate the effectiveness of the biochars towards P sorption. After shaking in a 
reciprocating shaker (70 rpm) for 48 h, the solutions were syringe filtered using 0.45 µm 
membrane. The filtrates were collected in 22 mL plastic screw-cap scintillation vials and stored 
at 4oC until P analysis. A blank sorption experiment without biochar was carried out to test for P 
adsorption onto the plastic vials and filter membranes. The equilibrium pH of the solution was 
measured after the adsorption experiment with a pH meter. The amount of P adsorbed was 
calculated by the following equation:  
Padsorbed (mg/g) = 
{(Padded,x)+(Pcontrol,0)}−(Premaining,x)
biochar sample weight
     (1) 
 
 
where Padded, x is the amount of P
 added to the xth sample (mg), Pcontrol,0 is the amount of P 
remaining in solution after equilibration for the control sample to which no P had been added 
(mg), and Premaining,x is the amount of dissolved P
 after equilibration for the xth sample (mg). The 
adsorption isotherms data were fitted to either the Freundlich or Langmuir models.   
Desorption experiments were carried out separately from the adsorption experiments. 
Water and Mehlich-III were used as desorbing agents. The latter desorbing agent, henceforth 
denoted as ‘M-III’, consisted of 0.2 N acetic acid, 0.25 N ammonium nitrate, 0.015 N 
ammonium fluoride, 0.013 N nitric acid, and 0.001 M EDTA 18. For desorption, P loaded 
biochars (after the sorption process with 10, 50, 100, 200, and 400 mg L-1 P solutions for 48 h) 
were separated from solution using vacuum filtration using a 0.45 µm membrane. After 
separation, the filter membrane together with biochar was transferred quantitatively into the 
same vials (after being washed with water) and the vials were shaken for 48 h desorption period 
with either water or M-III solution. The desorption process with water was performed in 
triplicate while desorption with M-III solution was performed only once per test condition. The 
collected supernatant from each desorption step was filtered through a 0.45 µm membrane and 
saved at 4oC until P analysis. The blank desorption experiment conducted without biochar 
indicated negligible P sorption or desorption from the plastic vial and filter membrane. 
Batch sorption kinetic protocols 
A batch adsorption kinetic study was conducted by mixing 0.1 g of the biochar with 20 mL of 
400 mg L-1 P solution at room temperature. The vials were shaken at 70 rpm in a reciprocating 
shaker for different time intervals- 0, 2, 3, 24, and 48 h. At each sampling time, the vial solutions 
were syringe filtered using 0.45 µm membrane, and filtrates were collected in another 22 mL 
plastic screw-cap scintillation vials and kept at 4oC until P analysis. A blank adsorption 
experiment without biochar was also carried out to test for P adsorption onto the plastic vial and 
filter membranes. The amount of P adsorbed onto the biochars was calculated using eq. 1 and the 
kinetic data were fitted using the pseudo second order kinetic model. 
Column leaching study 
Because, the composition of the agricultural effluent varies by region, there is no recommended 
standard composition for simulating effluent water. For this study, simulated agricultural effluent 
was prepared by considering EPA recommendation 19 as follows: Na+ (376 mg L-1), K+ (32 mg 
L-1), Ca2+ (96 mg L-1), Mg2+ (48 mg L-1), Cu2+ (0.05 mg L-1), Al3+ (61 mg L-1), Mn2+ (0.05 mg L-
1), Zn2+ (0.3 mg L-1), Bo (2.6 mg L-1), Ni2+ (0.4 mg L-1), Cl- (102 mg L-1), SO4
2- (82 mg L-1), 
NO3
--N (26 mg L-1), NH4
+-N (29 mg L-1), CO3
2- (100 mg L-1), and HCO3
- (100 mg L-1). It was 
prepared by accurately weighing analytical grade chemicals of the above ions into two separate 
carboys. P was added to achieve 10 and 80 mg L-1 (final concentrations were measured as 9.52 
and 80.45 mg L-1) as KH2PO4, and the carboys filled with water to the mark of 20 L. The pH of 
the simulated water was adjusted to ~7.5 with either dilute NaOH or HCl and the dissolved 
oxygen was removed by purging the carboys with 500 mL min-1 constant rate of N2 for 45 min 
before the column leaching experiment.  
Both CS-control and ISIB were studied for their effect on P adsorption in the presence of 
other competing ions in a sand matrix. The columns were made of PVC measuring 23.4 cm in 
length and 3.9 cm in diameter with end caps. The material used in columns were fine sand (40-
mesh; purchased from Fisher Scientific), Whatman 42 filter paper, and glass beads (particle size 
> 0.5 mm). The bottom of each column was covered with the filter paper to prevent any material 
loss. Around 2 g of the biochar (particle size <0.5 mm) was added to each column. Briefly, the 
columns were mounted vertically, and the following sequence of the materials were added from 
top to bottom: filter paper, 100 g fine sand, filter paper, 2 g biochar, filter paper, 100 g fine sand, 
filter paper, 180 g glass beads, and filter paper. A total of 14 columns were set up for this study 
(2 biochars × 3 replications × 2 simulated agriculture effluents = total 12 columns plus 2 controls 
one each for the 2 simulated effluents without biochar addition). To control the leachate, a valve 
was inserted at the bottom of each column. These columns were saturated with water from the 
bottom to top and then equilibrated for 24 h to pre-condition the columns. The pore volume (~50 
mL) was calculated by the difference in weight before and after the columns were water 
saturated. The columns were flushed with one pore volume of simulated effluent each time with 
the hydraulic head of 3 cm and the leaching rate of ~1.11 mL min-1 . All the leachate samples 
were collected from the bottom of the columns in 60 mL Nalgene bottles and stored at 4oC until 
P analysis. Before P analysis, samples were filtered through a 0.45 μm membrane.  
Characterizations and analytical methods 
The pH of the solution was measured with a pH meter (Mettler Toledo SevenMulti). Biochar pH 
was measured using biochar to water mass ratio of 1:15 followed by a 144-h equilibration period 
20. Elemental C, H, N, and S analyses (total elemental content) were determined in triplicate 
using an Elementar, vario MICRO cube (Elementar, Hanau, Germany) elemental analyzer after 
samples were ground in a ball mill. Proximate analysis 21 (moisture, volatile matter, ash content, 
and fixed C by difference) was done using thermogravimetric analysis (Mettle Toledo TGA/DSC 
1 STARe System). The fixed C was calculated by the difference between 100 and the sum of 
moisture, volatile matter, and ash percentages. The inorganic elemental composition of the 
biochars was determined by dry ashing the biochar samples at 750 oC for 5 h and then 
solubilizing the ash in concentrated HNO3 (trace metals grade; purchased from Fisher Scientific) 
under microwave digestion 22. Elemental analysis was done after the final dilution by ICP-OES 
following USEPA Method 200.7 23. The point of zero charge (pHZPC) of biochar was determined 
using the solid addition method as described by Balistrieri and Murray 24. In brief, a series of 0.1 
M NaCl solutions were prepared and the initial pH of each was adjusted between 2-10 by using 1 
M HCl or 1 M NaOH. 0.1 g of biochar was added to the pH adjusted 20 mL 0.1 M NaCl 
solutions, and the samples were equilibrated by shaking for 24 h. After the equilibration, the final 
pH was measured, and ∆pH was calculated by difference and plotted against initial pH. The 
pHZPC was estimated from the point of the intersection of the resulting curves. Dissolved P 
concentration was measured colorimetrically at 880 nm by the ascorbic acid method 25,26 using a 
mixed reagent consisting of sulfuric acid (2.5 M), ammonium molybdate (0.033 M), antimony 
potassium tartrate (0.009 M) and ascorbic acid (0.1 M). A standard curve was constructed with P  
standards (0-20 mg L-1) before the P concentration calculation from absorbances (linear fit) of 
samples.  
The dominant inorganic mineral phases in the biochar samples were evaluated by X-ray 
diffraction (XRD) 27. Random powder mounts were prepared for the XRD analysis which was 
conducted using fixed 0.5° divergence and 1.5° anti-scatter slits in step scan mode with a 0.05° 
2θ step size and a dwell time of 7 seconds per step. The samples were analyzed from 10 to 70 
degrees two-theta using Cu Kα radiation generated at 40 KV and 30 mA. The surface 
morphology and Fe and P elemental maps of biochar samples collected before and after the 
adsorption isotherm and column leaching studies were obtained using a scanning electron 
microscope equipped with an energy dispersive X-ray spectrometer (SEM-EDS) (FEI QUANTA 
FEG 250 SEM and Oxford Aztec EDS). The SEM-EDS analysis was performed using a 10-kV 
beam of about 1 nA.  
Data handling 
Production of the CS-control and ISIB was done in single batchs; however, all chemical analyses 
and characterizations were done in triplicate. Data sets presented in this study are expressed as 
arithmetic means of triplicates with standard deviations.  
 
RESULTS AND DISCUSSION 
Properties of the biochars 
Properties of the various biochars are presented in Table 1. The pH changes were low for both 
cases, 9.2 to 8.8 and 5.4 to 5.1, for CS-control biochar and ISIB, respectively due to the PPAO 
treatment. Proximate analysis shows high ash content in control biochar, which explains the high 
pH of this biochar as there is a strong correlation between pH and ash content of biochars 28. The 
low pH of the ISIB is due to the hydrolysis of Fe3+ in aqueous media leading to the formation of 
positively charged co-ordination complexs with O and OH groups while kicking off protons.  
The ratio of volatile matter (VM) to fixed carbon (FC) in the biochars increased due to 
both the FeSO4 and PPAO treatments (Table 1). The VM to FC mass ratios increased from 0.645 
to 0.803 for the CS-control and from 1.42 to 2.43 for the ISIB following the PPAO treatments.  
These results indicate that some of the FC was converted to thermally less stable VM as a result 
of both the FeSO4 and PPAO treatments. From the total elemental analysis, it is evident that the 
PPAO treatment decreased the H/C molar ratios slightly for both biochars, indicating the 
preferential elimination of H over C due to the PPAO treatment which is consistent with the 
previous study 13  
The zero-point of charge (pHZPC) for the biochars (Figure 1) indicates the dominance of 
acid functional groups in the ISIB, as the pHZPC value shifts from 8.48 to 4.31 due to Fe 
impregnation. The ∆pH value was positive in the pH range of 2-8 for CS-control biochars (both 
PPAO and non-PPAO), which indicates the dominance of the positive surface charge in that pH 
range. Because the pH of the CS-control biochars (Table 1) was above the pHZPC, we infer 
ionization or dissociation of acidic functional groups (carboxyl and hydroxyl) and a net negative 
surface charge when the CS-control biochars are equilibrated in DI water. The same scenario 
was evident (the ∆pH value is positive in the pH range of 2-4) for the ISIB, which suggests the 
dominance of the surface negative charge for all biochars in DI water. From the pHPZC results 
(Figure 1), we infer that the PPAO treatment slightly increased the density of acidic functional 
groups on the biochar surfaces.  
Adsorption/desorption isotherm and kinetic phenomenon 
The batch equilibrium study indicates rapid and substantial adsorption of P onto ISIB. The 
relationship between P equilibrium concentration in solution (mg L-1) and P sorbed (mg g-1) on  
biochar is well described by the Freundlich isotherm for CS-control biochar and the Langmuir 
isotherm for ISIB biochar (R2 ≥0.94; Figure 2). Figure 2 shows that there was an 11-12-fold 
increase in P adsorption on ISIB (in both PPAO and non-PPAO cases) compared to the CS-
control biochars. The amount of P adsorbed from the highest concentration solution (46,300 and 
48,821 mg kg-1 for non-PPAO and PPAO ISIB, respectively) and the adsorption maxima (qmax) 
as predicted by the Langmuir isotherm model were in close agreement (48,770 and 50,818 mg 
kg-1 for non-PPAO and PPAO samples, respectively). By contrast, when challenged with the 
highest P initial concentration the adsorption capacities were only 3,763 and 6,704 mg kg-1 for 
CS-control and CS-control-PPAO biochars, respectively. These results suggest that ISIB is much 
more effective than the CS-control biochars in adsorping P. Also, the PPAO treatment is not that 
effective to improve the P adsorption onto ISIB surface (only 5.4% increase in P adsorption), 
however, it is effective to improve the P adsorption onto CS-control biochar surface (78% 
increase in P adsorption). Moreover, CS-control biochar and ISIB required different isotherm 
models to fit the experimental data, which suggests that the adsorption of P on these biochars is 
governed by different mechanisms.  
There are four forms of ortho-P, which dominate in different pH ranges (H3PO4 at 
pH<2.12, H2PO4
- at pH between 2.12-7.21, HPO4
2- at pH between 7.21-12.67, and PO4
3- at pH > 
12.67). We measured the pH of the solution after 48 h. The equilibrium pH of the CS-control 
biochar was 8.2-8.7 and 8.1-8.5 and the pH of the ISIB was 6.3-6.6 and 5.9-6.4, for non-PPAO 
and PPAO samples, respectively. These pH values suggest the dominant form of P was HPO4
2- 
for the CS-control biochars and H2PO4
- for the ISIB. Also, the pH values were close to the pHZPC 
of the CS-control biochars, which indicates neutral to slightly negative surface charge whereas 
the pH values were higher than the pHZPC for the ISIB, which indicates dominance of negative 
surface charge. Based on the pHZPC and different forms of P, we infer that the HPO4
2- was 
retained on the CS-control biochars by anion exchange whereas the predominance of ligand 
exchange for retention of H2PO4
- on the ISIB. Also, it should be noted that H2PO4
- ion carries 
only one negative charge while the HPO4
2- ion carries two negative charges which might be the 
another plausible reason for higher P adsorption capacity of ISIB compare to CS-control biochar. 
ISIB 
We provided data on three-step desorption of P (48 h) with DI water and one-step 
desorption of P (48 h) with M-III from selected sorption points for the various biochars (Figure 
3a-d). After three cycles of DI water desorption 29-62% of the sorbed P was desorbed from the 
CS-control biochar and 35-51% of the sorbed P was desorbed from the CS-control PPAO 
biochar (Figure 3a & 3b). For the ISIB, 2-12% of the sorbed P was desorbed and the PPAO 
treatment changed the desorption rate to 1.9-14% (Figure 3c & 3d). The M-III extracted similar 
amounts or slightly more P from P loaded CS-control biochars than DI water. In contrast, 
substantially more P was extracted by M-III than DI water from the ISIB (2-6 times and 1.5-11 
times more for non-PPAO and PPAO samples, respectively).  
 The results of the batch kinetic study showed rapid adsorption of P onto ISIB. The 
amount of P adsorbed was 46.1% and 57% of added P after 2 h of equilibration and 60% and 
65.2% after 48 h equilibration for the ISIB non-PPAO and PPAO samples, respectively. In 
contrast, the CS-control biochar adsorbed only 1.54% and 5.2% of the added P after 2 hr and 
4.62% and 8.4% of the added P after 48 hr for the non-PPAO and PPAO samples, respectively. 
Kinetic data suggested that the P adsorption occurred rapidly during the first 2 h and slowed 
thereafter. This phenomenon could be explained by the rapid formation of outer-sphere 
complexes followed by the slower formation of inner-sphere complexes 29. The PPAO treatment 
had a larger effect on the CS-control biochar than the ISIB as the CS-control PPAO  biochar 
adsorbed almost twice as much P as the CS-control sample, whereas the PPAO treatment 
increased P adsorption by only ~10% for the ISIB biochar. These results suggest that Fe-oxides 
provided the dominant sites for P adsorption  on ISIB biochar surfaces as such surfaces are little 
affected by the PPAO treatment.  
 The pseudo second order kinetic model was used to describe the P adsorption data 
(Supplemental Fig. S1). By plotting the linear form of t/qt vs t (where qt = amount of P adsorbed 
at time t (mg kg-1)), we found strong correlations (R2 ≥ 0.95) for all cases, suggesting P 
adsorption onto biochar surfaces is a chemisorption process. Moreover, the calculated P  
adsorption values after 48 h equilibrium, expressed as qe (mg kg
-1) values were in good 
agreement with the experimental qe (3,754 and 6,458 mg kg
-1 for CS-control biochars and 47,254 
and 50,125 mg kg-1 for ISIB for the non-PPAO and PPAO samples, respectively) and the 
Langmuir qmax values. An intra-particle diffusion model was also examined to evaluate the rate 
parameter using the equation qt = kintt
0.5 + C. However, the multilinear plots did not pass through 
the origin in either case. This suggests that intra-particle diffusion was not the rate-limiting step. 
Column leaching experiment 
The column leaching study using the simulated agricultural effluent showed that ISIB is effective 
in removing P from PCW (Figure 4a-d). The breakthrough curve showed saturation (Ct/C0 > 1, 
where Ct is the effluent P concentration in mg/L and C0 is the influent P concentration in mg L
-1 
for each influent addition) for the CS-control biochar columns after 14 and 15 leaching events 
(Fig. 4a) for low and high PCW, respectively. The ISIB columns showed no evidence of 
saturation even after 30 leaching events (day 60) for low P (Ct/C0 = 0.96) and high P (Ct/C0 = 
0.84) loaded influents (Fig. 4b). The P concentration in the leachates was much lower for the 
ISIB columns than the CS-control biochar columns (Supplemental Fig. S2a and S2b). No 
detectable P was found after two leaching events (100 mL) from ISIB columns with the low 
PCW (Supplemental Fig. S2a), suggesting the potential for complete removal of P from 
agricultural effluent of very low P concentration. Moreover, low levels of P (3 mg L -1) were 
found after 4 leaching events (200 mL) from ISIB columns with the high PCW (Supplemental 
Fig. S2b), suggesting the efficacy of the material for removing P from effluents with high P 
concentrations.  
The P concentration in leachates from the CS-control biochar columns reached 9.4 and 
79.4 mg L-1, respectively, for low and high PCW after 14 and 15 leaching events. Leachates from 
the ISIB columns ended up with 9.16 and 67.4 mg L-1 after 30 leaching events. The CS-control 
biochar columns removed 31.3% and 19.5% of the added P at the end of the 14 and 15 leaching 
events, respectively, for low and high PCW. By contrast, the ISIB columns removed 46% and 
43.4% of the added P after 30 leaching events. The cumulative P removal (P adsorption) 
increases with time (and influent volume) for all columns; however, the ISIB columns were 
substantially more effective for removing P than the CS-control biochar columns for both PCW 
(Figure 4c-d). Strong linear correlations between leaching volume (mL) and P sorption (mg kg -1) 
were found for the ISIB columns (R2>0.91) even after 30 leaching events whereas the 
relationship started to collapse after 14 leaching events for the CS-control biochar columns. This 
result suggests the release of some previously adsorbed P as the controls approched saturation. 
Overall, the amounts of P adsorbed by the CS-control biochars were 1,045 and 5,890 mg kg-1 
(Fig. 4c) and 3,282 and 26,168 mg kg-1 for the ISIB (Fig. 4d) for the low and high PCW, 
respectively. The column leaching study indicates that the ISIB is substantially more efficient (~ 
3 and 5 times) than the CS-control biochar, however, the presence of competing anions possibly 
reduced the P adsorption capacities of ISIB to some extent relative to adsorption capacities 
observed for the batch equilibraton study.  
The desorption of P from biochar recoverd from the column study was measured using 
the M-III solution. The M-III solution removed 46.9-57.8% and 25.5-28.4% of the adsorbed P 
from the CS-control biochar and the ISIB, respectively. The P desorption rates were slightly 
higher in the column study compare with the batch equilibration study for the ISIB, whereas the 
desorption rates were similar for the batch equilibration and column leaching studies for CS-
control biochars. 
The ISIB was less efficient as a P adsorbent in the column leaching study compare with 
the batch equilibration study. A similar phenomenon was observed for the adsorption of As in 
one of our previous studies that involved zero-valent iron biochar complexes 30. In the previous 
study we inferred that pre-equilibration with water in the column study caused oxidation of zero 
valent Fe before the As was introduced into the columns. In the present study, exposure to O2 
and water during the column study before the P was introduced may have promoted Fe-
oxy(hydroxide) formation, which limited the potential for P-Fe complex formation 31,32. Also, 
other anions in the simultated effluent may have competed with P for ligand exchange sites on 
the Fe-oxy(hydroxide) surfaces.   
Interpretation of XRD analysis 
XRD analysis of the biochars was used to determine the dominant inorganic mineral phases 
(Figure 5). XRD patterns of ISIB have prominent hematite (α-Fe2O3) and magnetite (Fe
III
2O3 + 
FeIIO) peaks, indicating that much of the Fe2+ in the FeSO4 was oxidized to Fe
3+. Oxidation most 
likely occurred during oven drying of FeSO4 treated biomass or after pyrolysis. The formation of 
magnetite in the ISIB suggests the partial reduction of Fe3+ to Fe2+ during pyrolysis.  The XRD 
pattern of the PPAO ISIB sample indicates the greater maghemite (γ-Fe2O3)  than magnetite, 
which suggests that some magnetite was oxidized to maghemite during the PPAO treatment 33. 
Moreover, the intensities of the hematite peaks were increased due to the PPAO treatment, but 
no peak shifting was observed. We also observe the formation of anorthite (Na, Ca, Al silicate- a 
feldspar mineral) and anhydrite (CaSO4) in the ISIB, suggesting the passivation of the alkali and 
alkaline earth metals due to the FeSO4 pre-treatment. For the CS-control biochar we observed the 
presence of only quartz (SiO2) and anorthite minerals, suggesting the presence of amorphous 
forms of the alkali and alkaline earth metals. 
 The XRD patterns of biochars pre- and post P adsorption from the batch equilibration and 
column leaching studies were similar (Fig. 5). No new Fe-P minerals were found after P 
adsorption. However, the intensities of the hematite peaks (2θ degrees of 33.2, 24.12 and 49.4) in 
the XRD patterns of the post adsorption biochar samples (both non-PPAO and PPAO samples) 
were significantly reduced compared to the XRD patterns for the pre-adsorption biochar 
samples, which suggests either changes in the structure or particle size of the hematite phase due 
to intercalation of P or possibly transformation of hematite to amorphous Fe-oxy(hydroxide) due 
to temporary reducing conditions during the batch equilibration and column leaching 
experiments. In contrast, no changes in the magnetite or maghemite peaks occurred during the P 
adsorption reaction. Hence, the XRD evidence suggests that P was primarily adsorbed by the 
hematite phase and that adsorption of P impacted the crystallinity of hematite particles. A solid 
state transformation hematite is possible due to the presence of a larger number of open facets 
{104} with Lewis acid adsorption sites on hematite, which are not present on magnetite or 
maghemite 34.  
We also infer that the pHZPC of the Fe oxides present in the ISIB influenced the P 
adsorption reaction onto biochar surface. The pHZPC of magnetite 
35 and maghemite 36 are 6.6 and 
3.63, respectively, whereas the pHZPC of hematite has been reported as 8.5-9.3 
37, and 7-9 38. The 
pHZPC of ferrihydrite is 7-9 
39, which is close to that of hematite, so the possibility of a change in 
crystalline phase due to temporary reducing conditions during the adsorption reactions cannot be 
dismissed. P adsorption onto a Fe-oxide phase is favored when the pH is below the pHZPC of the 
phase, hence hematite is preferred over magnetite or maghemite for P adsorption under 
experimental conditions in our study, where the equilibrium pH after batch equilibration study 
was 6.3-6.6 and 5.9-6.4 for non-PPAO and PPAO samples, respectively. The peaks for anhydrite 
disappeared or had lower intensity in the XRD patterns of the post adsorption biochar samples 
compare to the XRD patterns of the pre-adsorption samples. The solubilization of anhydrite 
during the P adsorption experiment is the probable explanation for this observation. 
Interpretation of SEM-EDS analysis 
The SEM-EDS analysis of the ISIB sample (non-PPAO) recovered after 48 h batch equilibration 
was done at two magnification scales-1500x and 10,000x to investigate particle morphology and 
the distribution and stoichiometry of Fe, O, P, C, and Si (Figure 6). The SEM-EDS analysis of 
three particles (points 1, 2 and 3 in Fig. 6a) suggest a stoichiometry of 7-7.5 atom % Fe, 29-30 
atom % O, 2.5-3 atom % P and 55-57 atom % C. Similar stoichiometry was also observed at 
higher magnification for three separate locations (Fig. 6b) on one of the particles (point 2 of Fig. 
6a). Based on the stoichiometry, we infer that these are biochar particles coated with an Fe-
oxy(hydroxide)/P phase. The lack of evidence for discrete Fe-rich particles and the detection of 
55-57 atom % C from the underlying biochar particle suggests that the surface coatings are 
relatively thin and poorly crystalline. The stoichiometry of the surface coatings indicates 
approximately 2 Fe atoms coordinated with 1 phosphorus atom and 7-10 O atoms. The 
disappearance of the hematite XRD peaks after samples were equilibrated with KH2PO4 
solutions and the appearance of diffuse ~O-Fe-O-Fe-O-PO4H~ films coating on the biochar 
particles after the equilibration suggests that the hematite was decomposed and transformed into 
the amorphous surface ~O-Fe-O-Fe-O-PO4H~ films during the equilibration.    
The SEM-EDS analysis of the ISIB sample (non-PPAO) recovered after the column 
leaching study was also done at two magnification scales,1500x and 10,000x, to investigate 
particle morphology and the distribution and stoichiometry of Fe, O, P, C, and Si (Supplemental 
Fig. S3). The SEM-EDS analysis at point 1 (Supplemental Fig. S3a) suggests about 20 atom % 
Fe, 60 atom % O, 4.7 atom % P, 9.6 atom % Si and only 4.3 atom % C. Similar stoichiometry 
was observed at point 2 and for two small locations on the point 2 particle observed at higher 
magnification (Supplemental Fig. S3b). The higher atom % Fe, O and Si and lower atom % C 
observed at points 1 and 2 in samples recovered from the column study relative to samples 
recovered from the batch equilibration study suggests that the surface films that formed on 
biochar particles in the column study are thicker than those that formed in the batch equilibration 
study. Point 3 in Fig. S4a has a different stoichiometry with 11 atom % Fe, 73.7 atom % O, 2.4 
atom % P, 3 atom % Si and 6.3 atom % C. The lower Fe and higher O content of the particle at 
point 3 suggests that other elements present in the simulated influent may have co-precipitated 
with the Fe to form this particle. The stoichiometry of the surface coatings indicates 
approximately four Fe atoms coordinated with one phosphorus atom. The higher ratio of Fe to P 
association in column leaching study compare to batch equilibration study suggests the possible 
association of Fe with other competing ions and exhaustion of Fe supply may have limited P 
adsorption. The higher atom % Si in particles of the ISIB sample recovered after column 
leaching suggests possible admixing of Si from the sand used in the study. The SEM-EDS 
analysis of ISIB recovered from the column leaching study indicates that P is again diffusely 
scattered on the particle surfaces and that it is associated with Fe rich phases. The differences in 
film thickness and stoichiometry between batch equilibrium and column studies are attributed to 
differences in the experimental conditions including the presence of competing ions and the mass 
transfer limitation of the competing ions in the simulated effluent that was not present in the 
batch equilibration study. The findings of the SEM-EDS analysis are consistent with the results 
of batch equilibrium and column leaching studies, as P sorption onto ISIB was significantly 
lower in column leaching study than the batch equilibration study. 
Adsorption/desorption mechanism  
P adsorption on different Fe-oxy(hydroxide) phases is influenced by differences in surface area, 
porosity, the abundance of exposed sites, and solubility 40,41. The possible mechanism for P 
adsorption onto biochar surfaces include surface complexation by ligand exchange and 
electrostatic attraction between P anion and positively charged surface sites 42, although 
controversies exist between surface complexation and precipitation in the literature 43.  
Our batch equilibration and kinetic studies indicate that P adsorption on the ISIB 
increases with increasing P concentration until the ISIB is saturated as evidenced by a well-
defined isotherm plateau. The plateau of the P adsorption isotherm for the ISIB could be 
explained by the exhaustion of the Fe supply (6.8% Fe incorporation onto ISIB as detrmined by 
the acid digestion & ICP-OES method; data not shown) needed for the co-precipitation 
mechanism. The XRD analysis suggests the disappearance of the hematite peaks after the batch 
equilibration and column leaching studies. This phenomenon suggests two probable scenarios. 
Firstly, the presence of large amounts of labile C (high VM content of the ISIB samples reported 
in Table 1) during the batch equilibration and column leaching study may have promoted 
temporary anaerobic conditions, which led to the reduction of Fe3+ to Fe2+ and the solubilization 
of hematite, followed by the precipitation of amorphous Fe-O-P films onto the biochar surfaces. 
Secondly, the adsorption of P caused the loss of crystallinity for hematite particles due to the 
incorporation of PO4 into the hematite crystal lattice structure. The SEM-EDS analysis suggests 
the formation of Fe-O-P films onto the biochar surfaces, which is consistent with the former 
scenario rather than the later.  
We infer that the ligand exchange mechanism followed by the precipitation mechanism 
are responsible for the high P adsorption in the batch equilibration study under our experimental 
conditions. In the column leaching study, columns were saturated with water for 24 h before the 
columns were exposed to the PCW. Thus, we infer that the precipitation reaction also governs P 
adsorption in the column leaching study, however exhaustion of the soluble Fe supply occurred 
at the faster rate than in the batch equilibration study, which along with competition form 
competing anions limited P adsoprtion.  
Our data suggest that there was electrostatic repulsion between P anions and the 
negatively charged surfaces of magnetite/maghemite at our operating pH, which is consistent 
with other studies 35. So, there is an inherent effect of system pH on the surface charge of Fe 
oxides which influences P adsorption 44. The equilibrium pH in our experimental conditions was 
greater than or similar to pHZPC of magnetite/maghemite but less than the pHZPC of hematite. 
This is an important consideration for the P adsorption in our study as the P adsorption occurred 
onto the hematite (and/or ferrihydrite) surfaces.  Although magnetite/maghemite were present as 
supported by the XRD analysis, these phases appear to have contributed little to P adsorption. 
Under acidic conditions, however, magnetite and maghemite may contribute more to the 
adsorption of P.  
The P adsorption onto Fe oxides surfaces involves mainly the inner-sphere ligand 
exchange mechanism, of which different surface area coverages favor mono or bidentate and 
mono or binuclear complex formation 45. Depending on pH and surface coverage, most P 
complexes on Fe oxides are monodentate and the release of P from monodentate complexes is 
easier than the release of P from bidentate complexes 46. The SEM-EDS data of post-adsorption 
ISIB shows that P is associated with Fe mineral phases with a 2:1 stoichiometry. Based on our 
experimental results, these findings are fully consistent with our study. The P adsorption 
capacities for hematite has been reported as 0.19- 3.33 μmol/m2 due to the large number of open 
crystal facets and their differences 47. Therefore, we infer the high P adsorption capacity of the 
studied biochar is due to the presence of hematite and to solid state and/or 
dissolution/precipitation reactions that degraded the hematite during the batch equilibrium and 
column leaching studies. These reactions also explain different P adsorption capacities of ISIB 
observed during the column leaching study when samples were challenged with low and high 
PCW. 
 The desorption studies were done with two desorbing agents, water and M-III. The 
amount of P desorbed due to the water can be described as ‘easily available P’ and P desorption 
occurs from non-specific adsorption sites or weakly bound P 48. Similarly, M-III extractable P 
can be described as ‘potentially plant available P’. The M-III extracts weakly adsorbed P from 
non-specific adsorption sites and some but not all tightly bound P from specific adsorption sites. 
We noticed an increase in P desorption with an increase in initial P concentration, which 
suggests an increase in P retained by non-specific adsorption on the ISIB for higher P loadings.  
P desorption from the ISIB was several times higher with M-III than with water, whereas 
there was only a small difference in P desorption between water and M-III for the CS-control 
biochars. These findings suggest that the P adsorption by the ISIB is mainly specific whereas 
non-specific adsorption is predominant for the CS-control biochars. Also, for the ISIB, the ratio 
of M-III and water extractable P decreased with increasing P loading, again suggesting an 
increase in non-specific P adsorption at high P loadings. The M-III solution contains a chelating 
agent, EDTA (ethylenediaminetetraacetic acid), which promotes dissolution of the Fe oxide 
mineral surface sites and releases P into the solution 49. We thus infer that the P adsorption onto 
the CS-control biochar was controlled primarily by the anion exchange mechanism of P ions 
with other anions (mainly carbonates and bi-carbonates) and are mostly reversible; whereas P 
adsorption by ISIB was dominated by the ligand exchange mechanism leading to P-Fe 
coordination complexes within previously existing hemitite particles and/or the precipitation of 
new P-Fe-oxy(hydroxide) phases.  Such specific adsorption is only partly reversible. 
Economic analysis 
Previous studies at the Iowa State University have shown that biochar production is profitable as 
part of a fast pyrolysis biorefinery. Techno-economic analyses of fast pyrolysis biorefineries 
have estimated positive net present value while assuming a value for biochar of only $50-$100 
per metric ton 50, 51, 52. While economic analyses have not yet been completed on the process to 
produce the ISIB biochar for slow-release fertilizer, autothermal pyrolysis simplifies the reactor 
design and reduces energy input requirements, thus reducing capital and operating expenses 16. 
Additionally, the method by which the biomass is pretreated has been evaluated using other 
pretreatments, most notably sulfuric acid. This process does not add significant operational 
complexity or cost to a pyrolysis biorefinery 53. 
 
CONCLUSIONS AND ENVIRONMENTAL IMPLICATIONS 
The high adsorption and low desorption capacity of P by the studied ISIB suggest that this 
biochar can be used as an effective adsorbent to remove P from aqueous solutions including 
livestock manure, industrial and municipal wastes, and agricultural effluents and can potentially 
be used as a slow-release P fertilizer. The M-III desorption of P from the P loaded ISIB were 
13,658 and 11,863 mg kg-1 of biochar for non-PPAO and PPAO ISIB, respectively, which are 
equivalent to 4,454 and 3,868 mg elemental phosphorus per kg of biochar. At soil biochar 
application rates of 1% in soil (10 tons/acre), the phosphorus release rates for ISIB are 44.54 and 
38.68 mg kg-1 soil and 4.67 and 8.4 mg kg-1 soil for the CS-control biochars. The recommended 
level of phosphorus in typical US Midwestern agricultural soils is approximately 22 mg kg-1 of 
soil. The P-loaded biochar can then be applied to agricultural lands, where the P is released at 
rates that allow for high usage by crop plants while reducing nutrient leaching and/or runoff. 
Alternatively, fresh ISIB could be purposely treated with P solutions to saturate the biochar with 
P and then directly marketed as a slow-release P fertilizer. Also, results suggest that at 
application rates of less than or equal to six tons of FeSO4 treated corn stover biochar per acre, 
the P release rate will meet the recommended inorganic fertilizer application rates of 22 mg P kg-
1 of soil.  This approach facilitates the recycling of P into the soil even when recovering P from 
effluents with lower, more environmentally relevant concentrations of ≤ 400 mg/L. Findings 
from this study can be used to engineer biochar for the environment-friendly strategies to recycle 
P from wastewater and agriculture, reduce eutrophication and harmful algal blooms in water 




The Supporting Information is available free of charge on the ACS Publications website.  
The Supporting Information contains three figures; P adsorption kinetics for CS-control 
biochar and ISIB (Figure S1), P concentration changes in leachates for low and high P influents 
used in the column leaching study (Figure S2), and SEM-EDS analysis of ISIB recovered after 
column leaching study (Figure S3).  
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Figure 1: Point of zero charge (ZPC) measurement of studied biochars. Error bars represent standard error 
of mean (n=3). Error bars that are not visible are smaller than the symbol. Conditions: shaking of 0.1 M 
NaCl solution with biochar for 24 h, adjusted to pH 2-10 range with either 1 M HCl or NaOH, solid 



























Figure 2: P (phosphate) adsorption isotherm of the CS-control (a) and ISIB (b) under non-PPAO and PPAO conditions; data are fitted to the 
Freundlich and Langmuir isotherm models. Error bars represent standard deviation (n=3). Error bars that are not visible are smaller than the 




























unoxidized: n= 1.293; KF = 38.32
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unoxidized: qmax = 48770 mg kg
-1; KL = 0.3
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Figure 3: Desorption pattern of studied biochars; (a) = CS-control, (b)= CS-control-PPAO, (c)= ISIB and 
(d)= ISIB-PPAO. Blue shade= water desorption and gray shade= Mehlich-III desorption, light color = % 
remained P and dark color = % desorbed P, ‘P adsorbed in solid phase’ indicates the P adsorption when 
challenged with upto 400 mg L-1 of initial ortho-P concentration and ‘P remained in aqueous phase’ 
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Figure 4: Breakthrough curves of CS-control biochar (a) and ISIB (b) and changes in cumulative P 
adsorption of CS-control biochar (c) and ISIB (d) with leaching volume in the column leaching study 
using simulated agricultural effluent. Conditions for the column leaching study: influent P concentrations 
are 10 and 80 mg L-1, influent volume each time is 50 mL. Standard deviation error bars that are not 
































































































































































A = anorthite (Na, Ca, Al, Si, O)
An = anhydrite (CaSO4)
H = hematite (α-FeIII2O3)
Mg = magnetite (FeIII2O3 + FeIIO)
Mh = maghemite (γ-FeIII2O3)












Figure 6: SEM-EDS analysis of the ISIB after P adsorption recovered after 48 h batch equilibration study 




ISIB-non-PPAO-phosphate-1500x bse ISIB-non-PPAO-phosphate-10000x bse
(a) (b)
Atomic % 
Point iron oxygen phosphorus carbon silicon 
1 7.61 29.5 2.53 56.39 1.87 
2 7.14 29.84 3.11 55.47 1.76 
3 7.08 30.2 3.02 56.61 1.59 
Atomic % 
Point iron oxygen phosphorus carbon silicon 
1 9.33 30.24 4.02 53.13 0.37 
2 8.24 25.96 3.2 58.72 0.33 





Table 1: Types of biochars and chemical properties:  
Biochar Total elemental content (%) Proximate analysis (%) pH 
 (1:15 biochar: 
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